Buildup of phosphorus (P) in agricultural soils and transport of P to nearby surface waters due to excessive, long-term application of poultry litter is an environmental concern in many poultryproducing states. Watershed models are often used to quantify soil and water quality impacts of poultry litter applications. However, depending on how P transport is simulated in watershed models, the anticipated impact could be quite different. The objective of this study was to determine the predictability and sensitivity of the Soil and Water Assessment Tool (SWAT) P model and a newly developed, state-of-the-art manure P model called SurPhos in a poultry litter-applied pasture watershed. A small, predominantly agricultural watershed in Randolph County, Alabama was used for this study. The SWAT model, calibrated for surface runoff and total stream flows (Nash-Sutcliffe coefficient of 0.70 for both), was used to provide runoff inputs to the SurPhos model. Total dissolved P (TDP) exports simulated by the SWAT P and SurPhos models from the hay hydrological response units of the watershed were compared for different poultry litter application rates and different initial soil Solution P levels. Both models showed sensitivity to poultry litter application rates, with SWAT simulating linear and SurPhos simulating nonlinear increases in TDP exports with increase in poultry litter application rates. SWAT showed greater sensitivity to initial soil Solution P levels, which can lead to overestimation of TDP exports, especially at low poultry litter application rates. As opposed to the SurPhos model simulations and contrary to recent studies, SWAT simulated excessive accumulation of Solution P in the top 10 mm of soil. Because SurPhos appears to simulate P transport and build-up processes from manure-applied areas more accurately, this study suggests that SWAT be replaced by SurPhos to more accurately determine watershed-level effectiveness of P management measures.
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Watershed-level Comparison of Predictability and Sensitivity of Two Phosphorus Models
Sumit Sen,* Puneet Srivastava, Peter A. Vadas, and Latif Kalin C oncern over the adverse effects of nonpoint source (NPS) pollutants on water quality continues to exist in much of the United States. The U.S. Environmental Protection Agency (USEPA) has determined that NPS pollution is the main source of water quality impairment in the United States (USEPA, 2009) . Agriculture is responsible for degrading 60% of the impaired rivers and 50% of the surveyed lakes (USEPA, 2009) . In recent years, reducing phosphorus (P) loadings from agricultural watersheds has been a priority for the abatement of NPS pollution ). The main problem associated with excessive P loading to surface waters is accelerated eutrophication (Carpenter et al., 1998) , which can lead to reduced oxygen levels, increased turbidity, odor, and decreased species diversity (Hansen et al., 2002) .
In many states, animal wastes are used as fertilizer to supply crop nutrient needs. However, excessive P loading to surface waters is a common consequence of this practice ( Jesiek and Wolfe, 2003) . For years, recommendations for land application of animal wastes have been based on crop nitrogen (N) requirements. Because of a high P:N ratio in animal waste, this can lead to overapplication and build-up of P in agricultural soils and increased risk of P transport to surface waters (DeLaune et al., 2004) . Furthermore, research has shown that 90% of P transport from pastures where animal manure was used as a fertilizer source can be in the soluble form (Edwards and Daniel, 1993) . This is troublesome because soluble P is directly available to algae and macrophytes, whereas particulate P is bioavailable only after being released from a sediment-bound form (Sonzogni et al., 1982) . Research has also shown that P losses do not occur uniformly from all areas within a watershed (Pionke et al., 1997) and that subportions of individual fields do not contribute equally to P losses (Snyder et al., 2001) .
Many hydrologic/water quality models, such as the Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998) , the Agricultural Non-Point Source model (Young et al., 1987) , and the Erosion Productivity Impact Calculator (Williams, 1990) have been developed to predict watershed-level P loss from agricultural fields . A majority of these models have P submodules that are well suited for manure applications when manure is incorporated into soils (Vadas et al., 2007a) . However, use of these models at the field or watershed scale might not be scientifically or conceptually correct where manure is surface-applied and left unincorporated. Recently, Vadas et al. (2007a) developed and tested a novel manure P model, hereafter called the SurPhos model, that simulates dissolved P release and its transfer to soil or runoff from surface-applied, unincorporated manures. SurPhos also simulates different methods of manure applications and physical and chemical weathering of manure in a field through time. The objective of this study was to use a modeling approach to compare the predictability and sensitivity of two P loss models (SWAT and SurPhos) for dissolved P transport from a poultry litter-applied pasture watershed.
Model Descriptions

The SWAT Model
The SWAT model is widely used for assessing the impacts of agricultural land management on water quality. In this study, ArcSWAT 2.0.0 for ArcGIS 9.2 (released on 29 Feb. 2008) was used. SWAT is a continuous simulation, distributed parameter, watershed-scale model that was developed specifically for evaluating how land management practices affect water quality (Neitsch et al., 2002) . Hydrology, weather, sedimentation, soil temperature, crop growth, nutrients, pesticides, and land management are the major components that make up the SWAT model (Borah and Bera, 2002) . SWAT simulates these processes by dividing the watershed into subwatersheds or sub-basins and then further dividing these subwatersheds based on climate, hydrologic response units (HRUs), ponds, groundwater, and main channels (Borah and Bera, 2002) . The HRUs are lumped land areas within a sub-basin that are comprised of unique land cover, soil, and management combinations. The model simulates field processes for each HRU.
SWAT simulates three organic and three inorganic soil P pools. Fresh Organic P represents plant residue and microbial biomass P, and Active and Stable Organic P pools represent soil humus P. Transformations of the three organic soil P pools are accomplished using algorithms that simulate mineralization, decomposition, and immobilization. Mineralization and decomposition depend on water availability and temperature. SWAT allows mineralization and decomposition of the fresh organic pools to occur only in the first soil layer. The model simulates mineralization and decomposition by controlling the decay rate constant, which defines the portion of residue decomposed on a daily basis (Neitsch et al., 2002) . Soil inorganic P is separated into Solution, Active, and Stable pools. Solution P represents easily desorbable soil P and is the source of P for plant uptake, leaching, and dissolved P in runoff. Active P represents less-desorbable P and is in rapid equilibrium (days or weeks) with Solution P. Stable P represents slowly available P and is in slow equilibrium with Active P (Neitsch et al., 2002) .
SWAT allows users to input the amount of solution and organic P before the simulation. However, if the user elects not to enter an initial amount, SWAT initializes the level of P in all soil P pools. For example, Solution P concentration in all layers is set to 5 mg kg −1 of soil in unmanaged land and to 25 mg kg −1 of soil for cropland as default (Neitsch et al., 2002) . The relative sizes of the Solution and Active pools is controlled by a P availability index, which represents how much P added remains as Solution P at equilibrium. When at equilibrium, the Stable P is four times the size of Active P.
SWAT simulates the removal of P from soil in the forms of plant uptake, leaching, erosion, and dissolved P in runoff (Neitsch et al., 2002) . The leaching of Soluble P is restricted from the top 10 mm of the soil into the layer immediately beneath. This is mainly because of the low mobility associated with P (Neitsch et al., 2002) . SWAT allows P in manure or fertilizers to be added to soil in the forms of organic P fertilizer, inorganic P fertilizer, and plant residue (Fig. 1a) . SWAT allows users to apply inorganic and organic fertilizer to HRUs through the model's management file. Required information to perform this application includes application rate, date, fertilizer type, and the depth of distribution. Once P is added to soil, it is distributed among the six soil P pools. For applications of organic manure (e.g., poultry litter), SWAT partitions half of the manure organic P to the fresh organic pool and half to humus organic pool. For applications of manure inorganic P or inorganic P fertilizer, SWAT adds all added inorganic P to the Solution pool and allows it to be distributed through time between the Solution, Active, and Stable pools.
Studies have shown that when P is added to soil in fertilizer or manure, available inorganic P increases dramatically and then decreases rapidly with time after application (Sharpley, 1997; Smith et al., 2007) . Thus, in SWAT, a P addition to soil increases solution P by the amount of inorganic P added to soil, which disturbs the equilibrium between the inorganic P pools. The model then transfers P from the Solution to the Active and Stable pools to establish a new equilibrium. This equilibration is controlled by P transfer rate factors and the P availability index.
SWAT can be helpful in assessing and managing P loads in agricultural watersheds, but it is important to understand its limitations in P simulation. One of the most important limitations is the spatial detail that is required to accurately simulate P transport and other field processes. Another limitation is that it simulates inorganic P desorption at the same rate as adsorption (i.e., through P transfer between the solution and active pools). Although research has shown that P desorption is often slower and less than adsorption under field conditions, other watershed models make this same assumption. Also, when SWAT simulates a manure or fertilizer application that is left unincorporated (e.g., as in pastures or no-till fields), all the added P is added directly to the soil pools in the upper 10 mm of the soil. To simulate the interaction of the fertilizer with soil and runoff, SWAT assumes that runoff transports only those nutrients that are in the top 10 mm of the soil. The Solution P pool is the pool that interacts with surface runoff and supplies dissolved inorganic P to runoff. This prevents simulation of a direct interaction between surface manure or fertilizer and runoff, which research has consistently shown to be a major source of P loss in runoff (Kleinman and Sharpley 2003; Kleinman et al., 2002; Vadas and Kleinman, 2006) .
The SurPhos Model
The SurPhos model was initially developed by Vadas et al. (2004 Vadas et al. ( , 2005 for simulating dissolved P release from surface-applied, unincorporated manures during rain events. The model was further developed and validated by Vadas et al. (2007b) using field datasets from Texas, Pennsylvania, Georgia, and Arkansas. The SurPhos model runs on a daily time step and requires soil (dry bulk density, clay content, organic matter, and labile P), climate (daily average temperature), and hydrology (rainfall, runoff ) input data. Runoff data can be generated by models such as SWAT. For this study, SWAT, which was calibrated for hydrology for the study watershed, was used to provide runoff inputs to the SurPhos model. Unlike SWAT, SurPhos simulates dissolved P release and transport from surface-applied, unincorporated manures. The model allows 60% of manure P to infiltrate into soil if manure slurry with less than 15% solids is applied. After the application, SurPhos divides the surface manure P into four different pools: water-extractable inorganic P, water-extractable organic P, and stable inorganic and organic P (Fig. 1b) . The stable P gets transformed to water-extractable P by decomposition. Studies have shown that stable P can be a significant source of manure water-extractable inorganic P or water-extractable organic P. Therefore, SurPhos divides the stable P into 25% inorganic and 75% organic P for later daily decomposition (Vadas et al., 2007a) . SurPhos also allows assimilation of manure dry matter and P to simulate bioturbation process. Water-extractable P is leached from manure P pools when it rains, and a portion of the leached P can be transferred to surface runoff. The major portion of P leached (80%) into soil remains in top 10 mm soil layer, and the remaining 20% P leaches deeper. The top 10 mm soil layer interacts with surface runoff, and P can be transferred by desorption, which is similar to SWAT. SurPhos also simulates soil inorganic P cycling through three pools that are the same as the SWAT solution, active, and stable pools, with some modifications in the rates at which P is transferred between pools (Vadas and White, 2010) .
Materials and Methods
Study Watershed
To address the objectives of this study, the Rice Branch watershed located in Randolph County, Alabama was selected (Fig. 2 ). This small, 336.7-ha (832 acres) agricultural watershed is a subwatershed of the Tallapoosa River Basin. Corn, hay, livestock, poultry, and forestry are the major agricultural activities in Randolph County. Farmers in this county use poultry (broiler) litter as a fertilizer source for pasture and hay fields. The major land uses in the watershed include hay (200 ha), deciduous forest (70 ha), evergreen forest (38 ha), and grassland (12 ha). Other land uses in the watershed are residential area (17 ha) and mixed forested (<1 ha). The dominant soil in the watershed is a Madison gravely fine sandy loam. This is a well drained, moderately permeable soil with slopes ranging from 4 to 15% High available water capacity and medium to rapid runoff is associated with this soil type. Approximately 51% of the watershed is composed of this soil type. Another dominant soil found in the watershed is a Louisa gravely sandy loam. This is a shallow, somewhat excessively drained soil that has slopes that range from 6 to 80% and is characterized by moderate to rapid runoff and low available water capacity. This soil makes up approximately 13% of the watershed area. Fescue is the most common forage crop on pastures and hay fields in this watershed.
Data Used
The daily stream flow data from the outlet of the watershed for a period ranging from February 2004 to January 2006 were available from another project. Maximum and minimum temperatures and rainfall data were collected from a nearby weather station in Anniston, Alabama (COOP ID: 010267). Because the watershed is only 336.7 ha, it was assumed that the spatial variability of rainfall did not affect stream flows at the watershed outlet and that the rain gauge adequately represented the precipitation occurring in the watershed. However, whenever possible, spatial variability of climate variables (especially precipitation) should be considered, which can lead to more accurate modeling results (Srivastava et al., 2006) . Other weather data required by SWAT, such as solar radiation, wind speed, and relative humidity, were simulated using SWAT's built-in weather generator, the WXGEN weather generator model (Sharpley and Williams, 1990) .
The land use/cover data used in this project were obtained from the Alabama Cooperative Extension System (ACES, 2009). These data had a spatial resolution of 30 m and were developed as a part of the national land cover database by the Multi-Resolution Land Characteristics Consortium (ACES, 2009 ). Digital elevation model (DEM) data used to determine the watershed boundary were also obtained from the Alabama Cooperative Extension System and also had a spatial resolution of 30 m (ACES, 2009). To simulate actual watershed conditions, Soil Survey Geographic (USDA-NRCS, 2006) soils data were used as opposed to the State Soil Geographic Database data. Land management information was gathered by contacting the county extension agent and by contacting several hay producers who use poultry litter as a fertilizer source. It was determined that poultry litter is commonly applied to forage crops that are being used by farmers for hay production. The application rate varied from 4.5 to 6.7 Mg ha −1 (4483-6725 kg ha −1 [2-3 t acre
]), with the majority of the poultry litter being applied in the spring. It was assumed that fescue was the only forage crop being grown in the watershed.
Modeling Approach
The SWAT model was set up using the data described earlier and SWATs ArcGIS 9.2 geographic information system interface (ArcSWAT 2.0.0). SWAT simulations were run using the Penman-Monteith method for potential evapotranspiration for a period of time spanning from 2003 through 2008. 
Model Calibration
Although SWAT is a physically based model and is a powerful watershed assessment tool, it requires calibration for accurate simulation of flows and transport of pollutants. The calibration of the SWAT model requires manual alteration of model parameters that are not well defined or cannot be measured. These parameters include the Soil Conservation Service curve and the universal soil loss equation cropping factors.
Calibration of the Hydrology Module
Model calibration was done using monitoring data for a 2-yr period (from February 2004 to January 2006). Because a USGS gauging station was not present at the outlet of this small study watershed (as is the case with most small watersheds), long-term stream flow data were not available. However, the monitoring period included one very dry year and one wet year, so dry conditions and wet conditions were well represented in the dataset. The SWAT model has an initialization period when simulated base flow is zero for the first few weeks. , 2007) . Once the separation was complete, the model was calibrated for surface flows and total flows separately on a daily time scale. Because the main objective of this study was focused on surface runoff and its effect on P transport, the emphasis was on surface flow calibration.
Daily calibration was performed following the model calibration procedure specified in the SWAT model's user manual (Neitsch et al., 2002) . Average daily surface and total flows were calibrated by adjusting model parameters such as Soil Conservation Service curve number 2, soil evaporation compensation factor, plant uptake compensation factor, groundwater "revap" coefficient, threshold depth of water in the shallow aquifer for "revap" to occur, threshold depth of water in the shallow aquifer required for base flow to occur, groundwater delay time, and deep aquifer percolation fraction. The model parameters were adjusted until Nash-Sutcliffe coefficient (NSE), RMSE, RMSE-observations standard deviation ratio, and percent bias (PBIAS) for flows were in acceptable range suggested by Moriasi et al. (2007) .
Phosphorus Transport Simulations
For the purposes of this study, it would have been ideal to have calibrated the SWAT model for P loss in the absence of litter applications and then compare P loss results for SWAT and SurPhos with litter applications simulated. However, measured P loss data were not available for the study watershed for calibrating SWAT's P routines. Furthermore, such data would not represent an absence of litter applications because that is a major practice in the watershed. Thus, calibration of SWAT P against any measured data may have biased our comparison of the models. For these reasons, P calibration was not performed. ]), surface-applied, and unincorporated on all hay HRUs. To study the effect of initial soil Solution P on model simulation, for each application rate the model was run for three different initial soil Solution P levels: 0.5 mg kg −1 P (representing soils with low initial soil P levels), 5.0 mg kg −1 P (SWAT default value), and 50.0 mg kg −1 P (representing soils with high initial soil P levels). The dissolved inorganic P transported by surface runoff generated by each HRU was analyzed from 2003 to 2008. To focus on the effect of poultry litter application rates on changes in soil Solution P with time, SWAT was used to estimate the soil Solution P values in different soil layers of a HRU.
Surface runoff data generated by the SWAT model at each HRU were used as input for the SurPhos model. Soil-and P-related parameters (e.g., bulk density, phosphorus partitioning coefficient, and amount and timing of application rates) were same as the ones used for the SWAT model simulations. Because SurPhos was designed to be incorporated into larger agricultural models, such as SWAT, that simulate erosion and sediment P transport, it simulates only dissolved P in runoff generated from soil and manure applied. Thus, our focus was to evaluate the effect of different application rates on total dissolved P (TDP) in runoff, which is typically the most important form from surface-applied poultry litter or organic manure to pastures. We also evaluated soil Solution P changes in the top two soil layers. SurPhos was run for the same soil depths as used by the SWAT model for each HRU. The model generated output of soil Solution P in different soil layers. Both the models were run for similar combinations of different poultry litter application rates and initial soil Solution P levels. The dissolved P output used in this study was the simulated TDP lost from soil and manure by the SurPhos model and the simulated TDP lost from soil by the SWAT model.
Results and Discussion
Figure 3 graphically displays daily the calibration results for observed versus simulated surface runoff and total streamflow. Model performance statistics showed that SWAT was able to represent flow conditions successfully at the watershed outlet. The NSE, RSR, and PBIAS values for surface runoff were 0.72, 0.53, and 29.83, respectively, for the calibration period. Values for total streamflow were 0.73, 0.52, and 18.74, respectively. Model performance was evaluated as "satisfactory" because of the following values obtained: NSE > 0.50, RSR £ 0.70, and PBIAS ± 25% for stream flow (Srivastava et al., 2006; Santhi et al., 2001 ).
Watershed Export of Phosphorus: Sensitivity of the SWAT and SurPhos Models
Total dissolved P export from 2003 to 2008 from the watershed was simulated using the SWAT and SurPhos models. The results show some fundamental differences in how the models simulated P loss in runoff from surface-applied manure and soil. Both models demonstrated significant sensitivity to different poultry litter application rates (Fig. 4) , with TDP export increasing with increasing poultry litter application rate. These increases were linear for SWAT and nonlinear for SurPhos ( Fig. 5a ; Table 1 ). Linear increases for SWAT reflect the simulated process of immediately adding litter P to soil P pools and simulating greater P loss in runoff as a linear function of soil P (see Neitsch et al. [2005] for details). Nonlinear increases ( Fig. 5b; Table 1 ) for SurPhos reflect the simulation of direct interaction between runoff and surface manure and P loss directly from the manure. Greater TDP export at higher litter rates simulated by the SurPhos model are likely due to slower assimilation of litter P into soil by SurPhos. Because SurPhos simulates litter assimilation into soil at a rate that is independent of the amount of litter present, more litter at high application rates stays on the soil surface for a longer period and has a greater chance of contributing P to runoff. Similar nonlinear relationships between P loss and application rate have been reported by Beavers et al. (2010) and Schroeder et al. (2004) , who developed nonlinear regression equations to explain the effect of poultry litter application rates and rainfall timing on P loss in surface runoff. Figure 5 also shows the effect of initial soil Solution P on TDP exports. SWAT TDP export results were found to be sensitive to initial soil Solution P when the initial soil Solution P was low (between 0.5 and 5 mg kg −1
). The differences in SWAT TDP export between the 0.5 and 5 mg kg −1 initial soil Solution P levels were much greater than between the 5 and 50 mg kg −1 levels, even though an increase in initial soil Solution P moving from 5 to 50 mg kg −1 has the same order of magnitude as moving from 0.5 to 5 mg kg −1
. These results generally suggest that SWAT is much more sensitive to initial soil Solution P and that an initial 0.5 mg kg −1 soil Solution P is likely too low to produce P loss estimates that are consistent with P loss simulated at greater initial soil Solution P levels. Because 0.5 mg kg −1 initial soil Solution P level is considered low, it should not be used for determining export of TDP in surface runoff. Therefore, although export of TDP as simulated by SWAT is sensitive to initial soil Solution P, it is not considered very sensitive at commonly observed soil Solution P levels. Results show that TDP exports as simulated by SurPhos were not sensitive to initial soil Solution P levels between 0.5 and 5 mg kg −1 , reflecting simulations where direct P loss from surface manure is more important than loss from soil; TDP exports were sensitive to the initial soil Solution P levels between 5 and 50 mg kg −1
. At initial soil Solution P of 0.5 mg kg −1 of soil, the SurPhos model generally simulated greater export of TDP than SWAT. The opposite was true as initial soil Solution P levels increased to 5 and 50 mg kg −1 (Fig. 4) . The TDP export results showed that SWAT simulated an average increase of 0.12 kg ha −1 yr −1 TDP for every 1121 kg ha ) increase in poultry litter application rate at the initial soil Solution P level of 0.5 mg kg −1 as compared with no litter application ( Table 1) . The simulated TDP increased with an average of 0.17 kg ha −1 yr −1 at initial soil Solution P levels of 5.0 and 50.0 mg kg −1 as compared with no litter application. With no litter application, the SWAT model is very sensitive to initial soil Solution P levels ( Table 1 ). The SurPhos model simulated an increase between 0.05 and 0.71 kg ha −1 yr −1 of TDP for every 1121 kg ha −1 (0.5 t acre −1 ) increase in poultry litter application rate as compared with no application rate (Table 1) . Total dissolved P export simulated by the SurPhos model was not found to be sensitive to initial soil Solution P levels when no litter was applied. Our initial hypothesis was that SWAT would simulate less TDP export as compared with the SurPhos model. The reason behind this hypothesis was that SWAT incorporates the total applied manure (poultry litter) directly into the soil P pools and makes it less available for transport in runoff. In contrast, the SurPhos model simulates separate manure P pools on the soil surface, and P from manure P pools gets transported directly to surface runoff (Fig. 1b) and leached into the soil (Vadas et al., 2007a) . Because soil P pools in the SurPhos model are similar to the soil pools in the SWAT model, soil P in the SurPhos model also interacts with surface runoff, and TDP gets transported.
It was determined that simulated transport of TDP in runoff by the SWAT is a function of initial soil Solution P levels and poultry litter application rates (Fig. 4) . At a 0.5 mg kg −1 initial soil Solution P level, SurPhos simulated greater TDP loads, as compared with the SWAT model, for all poultry litter application rates except 0 and 1121 kg ha −1 . However, as the initial soil Solution P levels increased, SWAT started generating greater TDP loads. For example, at 5 and 50 mg kg −1 initial soil Solution P levels, SWAT generated greater loads for all but the 6725 kg ha −1 (3 t acre −1
) poultry litter application rate. The main reason SWAT simulates greater TDP loads as the initial soil Solution P levels increase is that SWAT considers that P applied in litter is incorporated immediately in the soil P pools in the top 10 mm soil layer. Over time, this dramatically increases soil P in the top 10 mm of soil, which is the zone that interacts with runoff (see discussion below). On the contrary, in the SurPhos model, runoff interacts with the top soil layer and a with manure layer on top of the soil. Most of the manure P is assimilated into soil but in a way that does not increase soil P in the top 10 mm as much. This analysis shows a potential limitation of the SWAT P transport process for surface-applied manure and suggests that this needs to be rectified. Also, this might be one of the reasons why SWAT nutrient (especially P and N) calibration is a time consuming process (Veith et al., 2005) .
Overall, the analysis suggested that both models showed sensitivity to poultry litter application rates. In addition, the SWAT model showed greater sensitivity to the initial soil Solution P levels. This suggests that using SWAT to simulate P transport in watersheds with surface application of animal waste may overestimate TDP transport, especially at low poultry litter application rates.
Soil Solution Phosphorus Analysis
Accumulation of Phosphorus in Top Soil Layer
Because SWAT immediately incorporates surface-applied P into the top 10 mm of soil, a detailed analysis was performed using the SWAT and SurPhos models to determine changes in soil Solution P over the 6-yr (2003-2008) study period. This analysis was for the top 10 mm soil layer with the initial Solution P of 50 mg kg -1 P (a typical P level found in pastures and hay fields) at different poultry litter application rates in a single hay HRU (HRU #101) located in sub-basin 3. litter application. Although not as pronounced, similar results of soil Solution P accumulation were found for lower poultry litter application rates (Fig. 6a) . In similar simulation conditions, the SurPhos model simulated 6.5 kg ha −1 soil Solution P on the first day of simulation and 29 4 kg ha −1 soil Solution P on the last day of 2008, with a maximum 36.5 kg ha −1 level shortly after the 2008 poultry litter application (Fig. 6b) ]), the model showed slow accumulation of P in soil. However, at low poultry litter application rates, the SurPhos model suggested that soil Solution P does not increase in soil. This is a significant finding that suggests that low litter application rates in this area are sustainable. Harmel et al. (2009) reported similar results for pasture watersheds in Texas. They found that soil test P levels increased by about 4.7 kg ha −1 yr −1 at a litter application rate of 6700 kg ha . These results are similar to those of Moore and Edwards (2007) , who showed that soil P may not change much at litter application rates between 2240 and 4480 kg ha −1 yr −1
. At these rates, SWAT was simulating significant increases in soil Solution P in the top 10 mm. This again points to the limitation of the SWAT model because it simulates excessive accumulation of P in the top 10 mm of soil. This might mean that for long-term simulations SWAT will overpredict TDP export in later years from the poultry litterapplied fields. Additionally, even after the discontinuation of poultry litter application, SWAT will continue to simulate high TDP exports from fields that have received poultry litter for a number of years.
Similar soil Solution P analysis was performed on the second soil layer present in the soil of HRU #101. Figure 7 shows the amount of soil Solution P (kg P ha ), when SurPhos model simulated less TDP export and the top soil layer was not accumulating P, the second soil layer was losing soil Solution P. At the 6725 kg ha −1 application rate, the second soil layer was accumulating soil Solution P. However, for each application rate (1121, 3363, and 6725 kg ha −1 ), SWAT model simulation shows that the second soil layer was generally losing soil Solution P. This shows that different soil P assimilation mechanisms are operating in both the models and that SWAT may not be allowing applied P to move beyond the top 10 mm layer, which Moore and Edwards (2007) showed is not correct.
Another detailed analysis was conducted on HRU #101 for initial soil Solution P level of 50 mg kg −1 P for different application rates (Table 2 ). This analysis shows how both models simulated TDP on an annual basis. The results of this study suggest that, except for the 1121 kg ha −1 application rate, SWAT simulated less TDP export as compared with the SurPhos model for the first 2 yr (2003) (2004) , but from 2005 onward SWAT simulated equal or greater export of TDP. This could be because, for the initial year simulations, SWAT had less soil Solution P. However, by the third year, SWAT soils tend to accumulate soil Solution P, which generated greater TDP from the HRU. This suggests that SWAT might underpredict TDP export in the initial years and overpredict in later years of simulation. Therefore, just looking at the cumulative P loss or average P loss over a number of years in a validation may mislead users into thinking that SWAT is doing a good job. Both models show the same trend of simulated TDP as compared with precipitation amounts (wet or dry years). During the wet years (e.g., 2004, 2005, and 2008) , the simulated TDP export was greater as compared with a dry year, such as 2007. Similar results have been reported by Beavers et al. (2010) .
Conclusions
This study demonstrated the predictability and sensitivity of two P transport models at a watershed scale. The SWAT and SurPhos models have not been compared before in this manner for surface-applied poultry litter. The results of this study show that both models were sensitive to poultry litter application rates in simulating TDP export in runoff, with SWAT simulating a linear increase and SurPhos simulating a nonlinear increase in TDP export with an increase in poultry litter application rate. Additionally, SWAT was found to be sensitive to initial soil Solution P levels. Because SWAT showed greater sensitivity to initial soil Solution P levels, SWAT has the potential to overestimate dissolved P exports at low poultry litter application rates. A detailed analysis at the HRU level showed that the SurPhos model does not accumulate soil Solution P at low poultry litter application rates. This finding is consistent with recent literature that suggests that low litter application rates are sustainable. On the contrary, SWAT tends to simulate excessive accumulation of soil Solution P in the top 10 mm soil layer from long-term poultry little application. This results in underprediction of TDP exports in the first few years and overprediction in later years (after excessive accumulation of soil Solution P has occurred). This finding suggests that even when poultry litter application rates are decreased, the effect of decreased litter application on TDP exports might not be apparent for some time, leading to the conclusion that a best management practice that reduces application rate is not effective. Overall, the study suggests that the SurPhos model is more reflective of the observed TDP export and soil Solution P accumulation mechanisms. Therefore, this study suggests that the SWAT P model should be replaced by the SurPhos model.
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